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All About Modulation 


‘Basic Concepts, Signal Space, Constellations and Phase Shift Keying 
‘modulations (PSK, QPSK, OQPSK, M-PSK, #/4-QPSK, MSK. and GMSK) 


“Modulation isthe process of facilitating the ansferof information over a 
‘medium, Sound transmission inairhas limited range forthe amount of power 
‘your lungs can generate. To extend the range your voice can reach, we need 1 
transmit through a medium oder than ai, such asa phone line of radia, The 
process of converting information (voice in this ase) hat ican be 
Ssuccessflly sent through a medium (wie or rade waves) is called modulation, 


‘We begin our discussion of gta modulation by starting withthe thre basic 
‘ypes of digal modulation techniques. These ae 


Amplinde- Shit Keying (ASK) 
Frequency-shift Keying (FSK) 
Phase-Stlt Keying (PSK) 


Allo these techniques vary a parameter of a sinasldto represent the information 
“which we wish to send, A sinusoid has thre different parameters than can be 
‘aed. These are its amplitude, phase and frequency. Modulation i process of 
‘mapping such that takes your vice (as an example ofa signal) converts it into 
ome aspect of sine wave and then transmits the sine wave, leaving the actual 
‘ice behind, The sine wave onthe oer side i remapped back tow near enpy’of 
our sound 


‘The medium isthe thing through which the sine wave raves. So wire Isa 
‘medium and soar ai, water and space. The sinewave is called the carer. The 
Information t be sent, which can be voice r datas called the information signal 
(Once the carriers mapped wit the information tobe set, its no longer sine 


‘wave and we cll tthe signal. The signal has the unfortunate luck of geting 
comupted by noise as it aves 


18 ASK, the amplitude ofthe cari changed in response to information and all, 
‘bes kept fixe. Bit 1s wansmited by a carrier of one particular amplitude. To 
transmit 0, we change the amplitude keeping the fequeney constant. On-Off 
Keying (OOK) isa special form of ASK, where ane ofthe amplitudes is ero a5 
shown below. 


Figure 2 Binary ASK (OOK) signal 


In FSK., we change te frequency in response to information, one particular 
ffequescy fora I and another frequency for 30 as shown below far the same bit 
sequence as above. Inthe example below, frequency fl fr bt li higher than 2 
‘sed forthe Obit. 
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Figure 3 Binary FSK singnal 


1 PSK, we change the phase of the sinusoidal cartier to indicate Information 
Phase inthis conten isthe starting angle at which the siusoid sats. To wansmit 
(0, we sift the phase ofthe sinusoid by 180" Phase shit represents the change in 
the tate of the information in this case. 
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Figure 4 Binary PSK Carrier (Note the 180° phase shifts at bit edges) 


ASK techniques are most suscepible othe effects of non-linear devices which 
compress and distort signal amplitude. To avoid such distortion, the system must, 
be operated inthe linear range, away from the pont of maximum power where 
‘most of the non-linear behavior occurs. Despite this problem in high frequency 
Carrier systems, Amplitude Shit Keying is often used in wire-hased radio 
‘Signaling, both with or without cater. 


ASK isalso combined with PSK to create hybrid systems suchas Quadrature 
‘Amplitude Meullation (QAM) where bath the amplitude and the phase are 
‘hanged atthe same dime, 


“There are three parts a communication system, 


1, The information, also called the baseband 


2 Themediam 
a Thecarier 


Information can be defined in two forms, digital or analog. Analog signals 
‘nsidered continuous. Its signal ampli ean take on any numberof values 
betwen the signal maximum and minimum, Voice s analog and can take any 
umber of volume levels between its “dynamic-zange” which isthe ange of 
‘volumes your vocal cords can preuce. Digital devices conver analog voice toa 
Aig signalby process of sampling and quantization. The analog signals fst 
‘sampled and then quantized in levels and then each level is converted toa binary 
‘umber. For example, we may quantize your voce in 16 levels. Each of these 
levels can be represented by four is, 


Peshaps you remember when your telepone system went to dhe “tone” dialing It 
‘went from being a pure analog system toa digital sytem based on sampling and 
‘quantization. Other examples of analog information are music and voice 
{Tansmited via FM and AM radio transmissions. Nesey eveything else 
rnwadays is digital. 


“The medium ishing the signal travels through. I can bea, space o- wires fall, 
sorts, Each of these mediums offers is own unique set of advantages and 
Astron that determine what is used a a cari. A shor wie ina chip for 
example may not need acavier a all A signal trough space such as for stelle 
Frmatee ony oeed a vey high fropienry eat fal on ercome space oat 
and ether atmosphere losses 


medium isthe road taken, then carrer i the tuck that cares the information 
hence we call it Carrier. Iris a sinssod in our case. Depending onthe med, i 
will have frequency appropriate othe medium. It can be at light frequencies as 
In optical fiber ora microwave frequency a for moh communications, AN 
slectromagoetic earier canbe of any frequency depending on the medium andthe 
‘communicadon needs. Most mediums dictate what type of carrie (ts frequency, 
amplitude) can propagate though itand the type of dtorons twill suffer while 
traveling through it 


Anything dha is wireless is analog ~ always, Wired sigaals canbe dial or 
analog, Communications inside 3 computer are examples of pure dial 
ommunicaons digital data over digital medium. LAN communications are 
‘gal data over analog medium, The AM and FM radios are examples of analog 
‘st over analog medium. 


In general when we tak about a digital system, we are usually talking about 
digtal information ove an analog medium. However, tere ae exceptions. Pulse 
Coded modulation (PCM) is 2 form of modulation where there i no cartier, so 
that makes its pure digital system. 


“The “Shift Keying” the second two terms in she name ofthese modulations imply 
that they are digital modulations, the information is also digital 


The sudy of signal spaces provides us with a geometric method of 
‘neepaializng the modulation proces. Ina physical space when we describe a 
‘vector by its coordinates (x, the veetr is being described by a linear 
"ombination af two functions (1 0) and (0, 1)- Any veetr ean be writen as 
linear combination f these wo functions, These functions are called bask 
funetions and are othogoaal to each ates 


Another example of such a family of Functions are the unit width pulses separated 
Intime shown below. Each ofthese i independent of eters and clearly we can 
tse these functions to create any random data sequence consisting of square 
pulses. Each oe of hese single pulses isa basis funcion, However, this snot a 
‘very efficient set of basis functions as takes a large numberof these uncon to 
‘cite a random signal 


Figure 5 - Ortho-normal basis set 


Ideally we wan as few bass functions as possible which when combined can 
‘create large number of independent sigaals, bth dial and analog. In general, 
base functions soul 


‘+ Have unit energy such as the (0) andthe (0,1) vetoes and the above 
unit pulses, 


“+ They shouldbe orthogonal o every other function inthe se, presented 
smathematically by 
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Figure 6 Sine and eosin, two orthogonal functions are the bass set forall, 
‘modern communications 


‘The concept of land Q Channels 
Without worying about what a signa is, e's just define it asa vector. Below you 
sce ro views ofa signal space. One shows a signal in rectangular and the oer 
nis polar form, We can describe te signal iin platform by its magnitude and 
it phase angle) or by its rectangular projections, such a5 5, and si 


(@) Land Q projections (©) Polar form 
Figure 7 Signal vector plotted on signal space 


In Figure 7a) hex and y-axis are called In-phase and Quadrature projections of 
the signal. Quanity 516 projection and sss the projection ofthe signal 
Figure 7(b) shows the same signal in polar form, with its length equal ots 
amplitude and the angle is equal ots phase. These ae to canonical ways of 
representing signals. 


“The coefficients: represen the amplitude of [signal ands the ample ofthe 
(signal. These amplitudes when plated on thex andy ais respectively, give the 
signal vector The angle the signal vector makes with he x-axis ithe phase of 
this signal 


Magnitude of signal S= (+) 4 


if 
Phase ofthe signal= tan"! 
a 


In itself, his is simple enough but gets confusing when related 19 modulation as 
we shall see 


‘A symbols qulte apart from bit in concept ahough both can be represented by 
Ssmusoidal or wave functions. Where it isthe uni of informatio, the symbol is 
Uni of transmission energy cis the representation ofthe bit thatthe medium. 
transmits to convey the information. Imagine bts as widgets, and symbols as 
boxes in which the widgets travel ona tuck, We can have ane widget per ba oF 
we can have more. Packing of widgets (bis) per box (symbols) is what 
‘mdalation ial abou 


{In communications, the analog signal shape, by pre-agreed convention, stands for 
a certain numberof bits andi called a symbol. 
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Figure & Digital information travels on analog carrier 


A symbol i just symbol It ¢an stand fr any numberof bits, not just one bi 
“The bts that it sands for are not being ansmied, what is ransmined isthe 
symbol or actualy te li signal packet shawn above. The frequency of this 
packets usually quite high. The 1 Hz signal shown above i jus an abstraction, 


Abad is same as the symbol rate ofa communication system. So if we send 200, 
aud, hen we are send 200 symbols per second. 


Lets imagine a ship lst at sea with no communication system. It sees an aeplanes tying 
‘veread and wants to communicate is plight othe airplane whl itis overhead, The 


capain marks two spots on each side of the mast s shown below. Now he holds a bight 
Tigh and run back and forth beeen the marked spors to signal a message. Spot othe 
right means 21 and spot the left means 20, We assume that al aeplanes seeing this 
now that what ech ight stands 


Figure 9 —Two signaling spots, a simple modulation system 


This isa one dimensional signal, because the capain uses oaly one dimension (running 
{som eft 19 right) to indicate a symbol change. 


“The shining ofthe light isa symbol, There are rwo light postions, so those ae rwo 
symbols Let's give these two symbols names of sand Simplest hing isto have the 
symbol stand for just one bt, This method of transmiting information, Lethe bits, 
‘essentially a Binary Phase Shit Keying (BPSK) modulation. We ulize just ne sinusoid 
asthe basis function. We vary the phase of his signal to ransmit information whichis 
Tdentcal in concept tothe example of shining te light from the deck. Each smb Is 
signaled by a change in postion (ell the phase) ofthe light asin this example. In 
BPSK we define wo litle packets ofthe cosine wave, ane with zea phase and Second 
fone with a 18D degree cifeent phase. 


“The BPSK signals special. Ir es totaly in one axis, x-axis. It has no y-axis projection, 
“The vector flipflops on the x-axis depending onthe value ofthe bit Table | ists the rwo 
symbols and the signals used wo present them, (The eairsignal shown is for f= 1 

Hx) Thel| and Q amples are the x andy projections computed by sting f= 0, and 
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‘Table 1 Mapping rules for BPSK 


[Look atthe modulation signals in the above table. The i signals shown ae at fe= 1 
Ha. They are thereto give yu a fel for what the ansmited signal lok like. OF course, 
Ina real system these would be at much higher frequency. This i whats ansmited in 
response tothe its not the bits themselves, But what are those funny coefficients in font 
bf the expressions above? 


Recall rom Tutorial that energy of a signal is equal to 


So instead of writing» amplitude term to make the expression general, we write the 
equation in tems of energy, where A= JZE,7T . When refering to carer signals, we 
typically talkin terms af signal orbit energy, soit makes Senseo write the equations in 
terms of energy, which is what his scaling factor is. Now we can scale the cater signal 
forthe pawee with which itis wansmined 


Creating a BPSK carrier 
ow would we senda bi sequence 0111 0101 0010 1011 using BPSK signaling 
‘technique? To wansmt his sequence, we ned 16 symbols since each BPSK symbol 
stands for ane bt. These are 


HO20 H2se2 ddas Qd2e 


[Now sting together the appropriate symbol signal packets from Table inthe right 
order. Figure below ithe modulated cari that would be wanted for this sequence 
If we use the mapping in Table 


Figure 10- A BPSK signal fr bt sequence 0111 0101 010 1011 


1 you could catch the modulated carrie and look tit ana network analyzer, you would 
see the above. However, the above picure sata carter frequency of I Hz, wie isnot 
realsic, neal systems, the eater frequency fe very high aod we would sxe a signal hat 
‘covers loa cycles between each wansiion. 


‘What sa wansition? A transition she time at which we switch rom one symbol tthe 
next. What happens a he tansition boundary is different for various modulations and is 
‘quite an imponant hing, Inthe case of BPSK, ac every bi transition the signal des a 180 
degree phase shit 


‘We wom about what the signal does at anstons because of amplifier an-linesies, 
Amplifier sed in communications have avery hard time with sudden changes in signal 
‘amplitudes and introduce distortions, Sine this makes it harder to decrde the symbol, we 
try to control these wansons. 


‘Now imagine a diferent ship. ls captain thinks up iferen signaling arrangement 
Here te fe has marked out four spots onthe deck, to the Eas and West and Nort and 
South. He assigns four different combinations 0 each ofthe spots as shown below. He 
can send wo bits, with each flash of the Ligh If he can da it in the same time period as 
the frst ship, then this person would be able to communicate twice as fast. 


Figure 11— A two dimensional signaling system 


By creating four signaling spots, he has add another dimension. This gives two basis 
functions, the East-West anc the North-South movements, Now there ate four diferent 
symbol positions posible and we can assign 2 bits to each unique symbol 


‘The dimensionality ofa modulation is defined by the numberof bass functions used 
‘That makes QPSK a two-dimensional signal. Not because It sends two bis pe symbol, 
hut because it uses two independent signals (a sine and a cosine) o create the symbals. 
Al PSK modulations we wll discuss here are two-dimensional. 


"Now some light math — 


{QPSK signal is an extension ofthe BPSK signal. Both ofthese area typeof Mary 
Signals. We can write the process that describes the modulated signal a polar form as 


(0) =A, pstt)eos| 2a f+ =| 6 
Wea plore ass28 


‘Where p(s he pulse shaping function tn digital phase modulation, the phase ofthe 
sinusoids modified in responce toa received bt. The changing phase s shown in bu 

{A sinusoid can go through a maximum of 2x phase change in one period. So the 
‘maximum phase we can change at any on ime s 180°. We can use M quantized levels 
‘of 2, to reat a variety of PSK modulation. The variable isa number from 1 0 M. The 
allowed phases ae given by 


2a 
Modulation anges @, = 22 7 
ee ae 


-M stands forthe onde ofthe modulation, M=2, makes this a BPSK, M = is QPSK, M 
‘BPSK and soon. Following diagram shows three ofthese modulations and ther 
constellations." A rtaion of the secon esuling in the third figure doesnot change the 
‘modulation its power or performance. These modulation ae called rotationally invasan, 
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Figure 12 M-PSK modulations, a. BPSK, b. QPSK, c also QPSK, d. 6PSK 


For basehand PSK signals, we use «square pulse, The pulse hasan amplitude of A. The 
energy inthis pals sequal tothe power ofthe signa mes the duration, Ti ass 
Power is equl to A’ with K= 1 ohm and T isthe symbl ime 


Vr 


‘Which gives this equation for the pulse; the pulse has his ample overa pera T ses, 


Substitute this ino equation 6, we get 


(=A, PP cs{2at+ 22) 9 


z 
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“Te carer amplitude A ts juste tat JE Now we ave the modulation equation of 
poner M-PSK sig 


Oat 0 


An atbrary plot of this equation looks as shown below. At each ck whichis the symbol 
time, there ia phase shit 
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Figure 13— An arbitrary modulated signal which shows phase shits a each time 
tick 


Hore we se several phase shits, some 9D" as at t= 1 and others 180° as we soe at t= 6, 
‘A modulated signal fr BPSK has only 180° degre phase shifts, whereas 2 QPSK has 
‘50 degrees and 180" degree phase shits 


“The moshlation equation 10, much more useful in understanding modulation, The fist 
pat isthe magnitude or the amplitude ofthe signal and isa constan. The rest sa 
Function ofthe phase angle just as we would ike to be since we are doing phase 
modulation, 

[Now let's expe this equation using the trigonometic identity 


con +B) = 


‘ACosf sin Asin 


con ere E+E) 
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we get four bsehand signals we wil use for signaling. We have inalized the 
pases to strat 4S Tis sift has no effect onthe modulation, 


a 


Now come the I andthe Q channels, remember the bass st. 


6()=sinar 


Any two signals crested through the scaled versions ofthese bass signals ae also 
‘orthogonal, So e's scale these anc call them I and Q channels, 


Feewtes ) 
= FEsn(eet) 


“The above ae clearly onthogonal because we just multiplied the bass functions with 3 
constant. Naw mulply them with the angle part from Eq, 11 part also. Fari=0, 1, 2,3 
aul M= 4,2 QPSK constellation, the second partis also a consant. So the two equations 
‘emaln onhogona 


FE meno hom ep} 8) 
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Actually te ordhogonality requires haf bea integer multiple of T/M. but for age 
‘carer frequencies, this isnot so import. Now we ean express the modulation equation 


st}= PE 02s( 40) cos(2 1) — PE sin(ai sin 


faest) 13 


“This called the quadrature form ofthe modulation equation. The two signal are 
mhogonal. Te colored partis the amplinde ofthe and the (channels. The values of 


thee ete same a thea yas projection of the sgl af energy So a phase 
tulad signal can now be seen aa cmbinaton of two guna sgnal the 
Stl of which changes in sespone tn the hare change. The modulating sgl cn 
beseen asa vector wih and Qa its andy components 


Although we created the BPSK modulated signal by stinging together the appropiate 
packets of signal, in eal systems, we cannot create a modulated carer his way. What 
‘we have at our disposal are oscillators that an praduce continuous sine and cosines, We 
cannot jst use a eran pat af the signal as if wa siting on a shelf for uso grab the 
oeded piece. We need a way to create signal packet ofa particular phase when needed 
‘ut of free-running sine or cosine, This is where Quadrature Modulation vit and Q 
Channels come ino pla. and channels are no ust concept uals how modulators 
ae designed. However, the signal created hy Tand Q channels snot what i transmted, 
itis the sum or the difference (makes na diference as long the polar fom is consistent) 
ofthese two, and tht is the real modulated sigaal 


How the bts are mappet to de possible phases can be done in many ways, especially 
Wine you havea loo symbols. Try this with SPSK: The bit combinations are 001, 00, 
100,101, 111, 110,010, O11, There are many different ways of doing this. The bes way 
todo this so number them such that each adjacent phase means just one bit diference 
So that when a phase mistake Is made and the most likely one isthe nearest phase, then 
‘only one bit is decoded incarscty, This alld Gray coding andi always applied in 
PSK. In QPSK we can do his perfectly. Inoter higher order (M > 4) PSK modulation, 
perfec ray ordering isnt always posible 


For QPSK, we have four symbols, each stands fortwo bis. Nominally we start the first at 
45 and then change phase by 90 each time to get the next symbol. The Land Q values are 
‘computed by setting f= 0, and 


iz 
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both +1, Similarly for others as shown in his table. 


fF the fst symbol which les inthe ist quadrant, the 1a values are 
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‘Table 2—Mapping rules for QPSK. 


Constellation of QPSK: 
A conilaton sap ofthe symbol onthe rectangular space. We create his for PSK 
ty ist drawing acc of adas= fF, Since we Ike the and Q chanel to have 
amplitudes of I, then he ads of he circle becomes 1.44, Now compte the 
taulaton angle which is 20" vided my M. For PSK iat 0, So hts four pois 
ac" apron te circ, he modlaton 1 OSK, the pons or yaa woul! be 
22.5 apart Naw compte the xan y projection foreach sym, These are the 
amplitudes ofthe and chanel Once ou know ht, you can create Tan channels 
dnd the eal modulated signal which astm of and chanel 


‘Visually the constellation diagram which is what this picture is called, shows the pases 
ofthe symbols and ther relationship 1o each other. The x-axis projection fr each symbol 
'sthe channel amplitude and y-aus projection isthe Qchanal amplitude. Each signal 
|S shown with a ite packet of signal tht goes with i The constellation diagrams is, 
always doneat baseband, Le. =O. Soe signal is usta point. But Ihave aed the 
Tide packet af modulated sigal a = 1 ust so you can get an inltive fee for what we 
are doing Depending ofthe , its thse line packets tat are ransmited 


Figure 14 Constellation points are the tips of the modulating signal 


QPSK example 


Signal 1 shows 2 sing of symbols, numbers from 01 signifying a random symbol 
that needs to be tansmited, We map these ino and by using the figure above. For 


example, the second integer in signal st below is 2 Is I chanel value is and iss Q 
values 
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Figure 15 — QPSK, st arbitrary integer stream indicating abit stream of 2 bits per 
Integer, <2—the I channel mapping, 3. the Q channel mapping 
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“The alloying diagrams show the rwa conventional ways of doing modulation, 
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“Method 1 "The polar form of modulation 
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Figure 17 - Method 11 The quadrature form of modulatin using land Q 
channels 


“Method 1 is most straight forward but requires multiplications and square mots. Method 
1 the quadrature metbod is easier 1o implement in hardware sols the predominant 
‘method wed indigal modulation 


"These ae called the canonical forms, which just means thr sis isthe conventional way 
of doing this ype of modulaion. 


You need to recognize that in quadrature modulation, channel I and Q are no rans 
Only de el signal is ransmited, 


Modulation index of QPSK signal 


“The modulation signal can also be writen ike this, 


t= A conf +D mt] u 


winere m() isthe information signal, varying between +1 andt with a rectangular pulse 
shape Dis called the phase sensivty. I is equal the peak phase deviation over one 
symbol fs units are radians per voll, Plating above equation, we get the modulated 
signal as function ofthe phase senstivity 


“The phase sensitivity ofa modulated signal i elated othe radtional modulation index 


Fora tue carir suppressed PSK signal, the modulation index is equal to 1 since the 
Peak phase variation is 90 degrees. PSK signals are ll caer suppressed and all have 8 
fndlaton index af 10%, 


Figure 18 The modulation index of a PSK signal i 100% 


Shaping the pulse to reduce bandwidth 
“The square pulses shown here are not practical to send. They ate hard n crete and 
require lot of bandwidth. So in ther lew we send shaped pulses that convey the same 
Information but use smaller bandwidths and have ther good propre such as 
Inuesymbol inference rejection, One ofthe most common pulse shaping is called “root 
raised cosine” This pulse shaping ha a parameter called the roll-off which consol the 
shape and the bandwidth of thesignal, 


Some common ple shaping methods ate 


. Root Ralsed cosine (used with QPSK) 
. Halt-sinusold (used with MSK) 
. Gaussian (used with GMSK) 


« ‘Quadrature partial response (used with QPR) 


{In Figure 19 se the ime domain traces ofa QPSK 1 and Q channel where the sigaal 
hasbeen shaped by root ase cosine pulses, The general bit shape can be sen easly 
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Figure 19 — Rootraised cosine shaped pulses 


‘We can draw constellation diagram of his signal by sampling this signal every 
20 samples and then ploing the measured I values against Q values. We get the 
following constellation diagram, 
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Figure 21 ~The time domain signal shaped by Gaussian pulses. 


“This is how we do tin hardware 
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plementation af the MPSK modulator 


‘Summary: The Serial o parallel converte takes the bit steam coming ina bit 
‘ate of Rb and spits it im two streams, each af half he bitrate. Depending on 
the dul bit pater coming in, Land Q amplitudes are set from a able lookup 
function. Each of theses then individually modulate by a sine ora cosine wave 
of carter frequency «after beng shaped into art raised cosine pulse, These are 
Added together o get te wansmined signal 


Constant Envelope modulation 


(QPSK is part fa class of signals called constant-envelope signals. There no 
‘igoreus definion ofa constant envelope signal One definition is, wen sampled 
the symbol ate, te smpled value of the amplitude constant Another shat 
there are no discontinuous phase changes. Yet another is thatthe maximums and 
‘minimum amplinide attained by te signal over one period is constant. The sine 
‘wave isan ideal constant envelope signal 


Constant envelop signals suffer less distortion in high power amplifiers and are 
refered for wireless applications. The reason is hat amplifiers work by 
‘hanging a signals amplitude either increasing or decreasing. To increase a 
‘igal’s power iso increase iis amplitude. A non-linear amplifier changes the 
‘ignal amplitid by diferig amount depending on the instantaneous amplitude 
the signal. The more the amplitae of signal varies the more non-linear 
“amplification occurs and this results ina dstorted signal. QPSK isnot technically 
‘constant envelope because fits discontinuous phase shits but i considered 
realy so, A shaped-pulse signal is also not constant envelope bu is aaty so 


Figure 23— FSK is definitely a constant envelope modulation, 
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Figure 24~ ASK is definitly not a constant envelope madulation 


Difset QPSK isa minor but important variation on QPSK. In Offset QPSK, the Q 
‘hanes sifed by half a symbol ine so that Land Q ckanoel signals do noe 
transition athe same ime. The result of his simple change stat phase shits at 
ny one ime are limited apd hence offset QPSK Is more “constant-envelope” than 
"aight QPSK. In high power amplifiers and for cera satelite aplication, 
(feet QPSK offers beter pesformance. Although ina linear chanel its i ecto 
rat she same as QPSK, in non-linear aplication is BER slower when 
‘operating closet the saturation pont ofthe ansmting amplifier. Offset QPSK 
[OQPSK) is also called staggered QPSK (SQPSK), 
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Figure 25 — QPSK modified ta become OQPSK 
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Figure 26— and Q channel mappings ofan Offset QPSK signa, the symbol 
transitions de not accur atthe same tine. 


Unlike QPSK, I and Q channels of an OQPSK signal do not anskon at the same 
time. One consequence ofthis is hat when we look at the constellation diagram 
af the OQPSK, the symbol wansitions occur only to neighbors. This means that 
the transitions are never more than 90", At any symbol change, fr eth 1 oF Q 
‘channel, only one axis can change at aime, eter Vor the (but not both (Atany 
transition, only Tr the @ changes but not bath) In constellation speak, if the 
Signal was in the nigh upper quant, the nex signal can oly go to either the 
lower right quadcant orto upper left quadrant bu not across. Nate how this 
shferen from QPSK, where all anstions can occur 


Figure 27 — OQPSK and QPSK constellation diagrams, (1) OQPSK, 2) 
Qrsk 


(0) QPSK - Nate the 180" phase shift 


Figure 28 The phase jumps at the symbol transition for OQPSK are 
smaller. (Note that the figures above are not ofthe same scale in time) 


Figure 28 compares the OQPSK signal with a QPSK signal. Nate thatthe OQPSK 
signal never tanstions more than 90°. QPSK othe other hand goes trough 
hase change of 180° for some transitions. The larger traniions area source of 
trouble fr amplifiers and to he avoided if possible. In satelite wansmissin, 
(QPSK reigns supreme, its easy to build and operate. Miltary often uses OQPSK 
because offs ned ose lowe power radios and nimi adjacent channel 
interference issues 


How OQPSK differs from QPSK: The ( chanel of OQPSK is delayed by 3 
hala symbol tie, staggering the two quadrature chanel 


Altough MSK i often classified as FM modulation, iis also related to ofset- 
‘QPSK avving tothe dual nature of FSK and PSK modulations, OQPSK terested 
{fom QPSK by delaying Q chanel by half a symbol from I channel. This delay 
reduces the pase sifs she signal goes through at any ne ime and results in an 
‘mplfse-rendly signal. 


[MSK can be devved from OQPSK by making one further change -OQPSK I and 
( channels use square root rised cosine pulses. For MSK, change the pulse 
shupe toa hall-cyele sinusoid. Figure 29 shows a MSK use signal and then 
‘multiplication by the carer, The red curve ls the cartier signal, an the Blue the 
[MSK pulse shape and te black the mliplication ofthe pulse Shape and the 
‘caer giving the modulated cari. 


(@)MSK pulseand carer fora Lbit (0) MSK pulse and care for a0 bit 


Figure 29 —MSK pulse shaping is a hall 
aT and negative fr a0. 


ine wave shoven in blue, postive for 


“The carer signal expression for MSK is 


c= oti 


jes 3} ats so Ze) 


withthe underlined portion, the hal-sinusoid pulse shape. Figure 29 shows how 
[MSK pulses lak compared to QDSK square pulses. Remember in QPSK, the 
square pulse ise equates to a discrete phase In MSK, the shape is continuous 
‘hanging, so there sno discrete jump inthe modulated signal atthe symbol edge 
‘there i QPSK. Fo his reason the module signal in ig. 32 has no 
{iscontnutles as compared in M-PSK signals. 


i} 7 a © 3 
Figure 30 MSK pulse, each pulse isa half eye sine wave. 


“The dashed line ithe QPSK 1 and Q channel symbols and the solid lines show 
how these have been sped by the hal sine wave. The | and Q channels are 
computed by 
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“The I and channels are then multiple! by the carer, cosine forthe channel 


asin forthe Q channel Note thatthe period of pulse shape is twice that ofthe 
symbol rate 
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Figure 31—MSK 1 and Q modulated carriers, 


‘Adding and Q components gives the MSK carver of Figure 3. Compare tis 
faierto a QPSK carrer. This one has much smoother phase shift at he symbol 
boundaries. This results in lower side lobes which san advantageous property for 
‘wireless signals since it results in less adjacent signal interference 


‘Minimum Shit Keying (MSK) Is albo called continuous phase (CP) Frequency Sift 
Keying (PSK). MSK #3 class of continuous phase modulations, These are 
patticulrly suited to media which uses nonlinear amplifiers 


5K isthe digital version of analog Frequency Modulation (FM) and MSK is also 


2 form of FSK, where modulation index equal 195 which results na misimum 
frequency separation such thatthe modulation frequencies are il orthogonal, 
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Figure 32 ~ MSK modulated earvier 
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Figure 33 MSK modulator block diagram 


Figure 32 shows the modification made tothe QPSK modulator to create the 
[MSK signal, Only the pulse shaping bas been changed, The half eye time shift 
ofthe OQPSK stays. 


How MSK dlfers from QPSK: MSK is generally considered a FSK modulation 


uti is exacaly the same as OQPSK except that tues ahal-sinusold or pulse 
shaping instead of rootaised cosine pulses. 


‘We crated MSI by applying a half sinusoid othe square pulse. By using a 
(Gaussian pulse shape, the result can be improved even further. The modulation 
‘ane ths way i called GMSK. 


GMS is used in several mobile systems aroun the word. Global Speciale 
‘Mobile (GSM), Digital Eurmpean Cordless Telephone (DECT), Cellar Digital 
Packet Data (CDPD), DCS1800 (Digital Communications System inthe 1800 
“Mitz band) in Europe, and GSM-ased PCS1900 (Personal Communications 
Services inthe 1900 MHz band) inthe US. uses GMISK. 


‘Recall hatte rot-aised cosine pulse has aol of actor, a. The roll-off factor 
setermines how sharply the pulse rolls off 0 zero energy. A Gaussian pase 
Simlrly has a BT factor that determines how sharply i oll afl A BT of 3 is 
‘sed commonly 


[MSK and GMSK, both being relate to FM modulation, can both be created two 
‘rays, 1.asa PSK signal and 2 a a FSK signal. Both are most commonly 
plemented asa FSK technique 


“The Gaussian pulse shape used instead ofthe half-siusoid or the root ase 
cosine is given by 
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(Quancgy Bs signal bandwidth. BT factor sequal to this umber times the 
symbol tims, . 


mM AN Mf 


ano [soo |” fa 


A 
call ViapiBal Ph WP eb 


AM IMAM Ah 
SeaPl= Pi VBP a 


Figure 35 — Add 1 and Q GMSK carriers to obtain the composite cartier 


“The GMSK modulated carers even beter at transitions than MSK and this i 
the main eason it suse a a standard in some cellular systems. 


How GMSK differs from MSK: GMSK is nearly always implemented as a FM 
‘modulation. However conceptually ii same as MSK excep instead of half- 
sinusoid as a pulse shape a Gaussian pulse shape i wed instead. 


ePsK 
Imagine once more the man onthe ship he figures he's got the space onthe dec, 
50 wy not add more sigaaling postions. He marks out a circle and doubles the 
umber af places where he wil stand o ash up the signal We ca see the 
problem right away, how isthe airplane going 1 make out where he is standing. 
"But never mind, he goes ahead with his plan ere show his new signaling 
positions ook 


Figure 36 8-PSK uses eight different unique signals 


He assigns bt valus to cach ofthe eight psiions as shown. Note hat each st of 
bits is just one bit ferent from is neighbor. So if the airplane does make an 
frrorin reading his positon, most likely this wil result in only one it ing 
Iisinterpreted. The eight postions ae created with x and y distances or by phases 
ff snes and cosines in communications, 


Figure 37 —8PSK constellation diagram and the Yand Q channel amplitudes 


‘We have two basis functions agai, a sine anda cosine and each configuration has 
afferent phase to indicate a specific bit pater. We use four diferent phase 
‘alu, namely.r/8, 4/8, Se/and 7/8. Each ofthese phase silts is 45 
degrees apart Each of these is applied othe sine and the cosine to give us atl 
of eight values 


(Assume Lats) 
‘Symbal | — Bir pean Phase] Signa T= YT 
00 io 
st = © 1a 
T 


oot fi lal 
2 = FEcowarsniay | a5 S| |so fio 
on fk ey 
00 oo / au 
a : 
PE xet a 
Se 09 FEemeesae | age | 0 fay Hi 
ow 
s |™ wwe fo \ 7 fuse foo 
p . 
FEcotws7016 | ae | \ A Jao | 0 
so fm 
PE. 4 
of 1M | st coats 90i8) | og | oD 4 sas 


100 


ec) 


cater) | ane fof 9 aw fae 


‘Table 3—8-PSK signals 
BPSK step-by-step 


Step The bts steam to sends: 100 114 111 141 111 001 


Figure 38 Bit stream to be modulated using 8-PSK, 100 111 111 11 111 001 


‘Les name these bit packets for convenience. 

Symbol sequence: $8 $6 56 6 s6 52 

Map each symbol ot and using the amplitudes in Table 4 
a 6 6 6 6 2 

10707 am7 0707 a707 0707 Lad 

Q Aad ad tse tare Land 0707 


Each ofthese three-bl packets are mapped ta levels of Ind (chanel trom the 
table above 


Ate the complex multiplication with cosine and sine wae of the cate 
frequency we get the signals shown in Figure 39. When Tand (are aed 
together, you get she composite signal in Figure 40 
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Figure 39-1 and Q modulated sequences 
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'8-PSK transited signal shows smaller phase transition (on the average) then 
[QPSK which is a good thing bu since the signals are also less distinctly ditierent 
feom each other, makes ®-PSK prone o higher bit errors. Why then would we 
‘want fo use &-PSK? Because, we can pack more bis per symbol, with each 
Symbol ansmited, we can convey thre bs. The throughput of &-PSK Is 50% 
eter than QPSK which ean uansmit just 2 bts per symbol as compared 03 far 
EPS. -PSK isthe rst of the bondidth-eficient modulations. 


“This a variation of QPSK that mimics PSK. Like QPSK, #/4-QPSK transmits 
two bis per symbol. So only four carrier signals are needed but hiss where the 
twist comes in. In QPSK we have fur signals hat are used to send the four two 
hicsymbols. ln 24-QDSK we have eight signals, every alternate symbol is 
transmited using 214 shifted pate ofthe QPSP constellation. Symbol A uses 
Signal on Path Aas shown below and the next symbol, B, even fis exactly the 
Samm bit pate uses signal on Path B. So we always get 2 phase sift even 
wen the adjacent symbols are exactly the same 


“The constellation diagram looks similar to 8-PSK. Note that a &-PSK constellation 
canbe broken into two QPSK constellations as show below. In 24-QPSK, one 
‘Symbol i tansmited on the A constellation and the next ane Is transmitted sing 
the B constellation. Even though ona network analyzer, the constellation looks 
like #-PSK, this medlation is tcl form of QPSK with same BER and 
bandwidth. Although the symbols move around, they always convey just 2 bis 
per symbol 


Figure 41 -»/-QPSK constellation mimics &-PSK but itis two QPSK 
‘constellations that are phase sifted, 


Step-by-step n/-QPSK 


‘We wish 1 transmit the following bit sequence. We divide the bt sequence ino 
bit pieces just 3s we would do for QPSK. 


Bit sequence: 0000 1000 01 11 1100 01 00 


“Transmit the fist symbol using she A constellation shown in Figure 4 and the 
next symbol uses the B constellation Fr each 2b, the Land Q values are the 
Signal coordinates as showa blow. 
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Table 5~ wt-QPSK symbols mapping 101 and Q 


The Land Q channels for a 94-QDSK signal are shown below in Figure 42. Note 
‘hat there are five possible levels (1,707. 0-707, -1)and Land te Q channel 
show this variation in response 1 the symbols 
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Figure 421 and Q mapping of x¢QPSK symbols 


Step 1 Map bits to symbols 


Bits 00 09 10 00 OF 11 1 oo ot oo 
Symbols Al BI Ad BI A2 82 A3 BI A2 BB 


Step 2- Multiply the fae (wih cairn the example below the care 
frequency is 1 Hz) and you get an 8-PSK signal constellation. 
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Figure 43 of w4-QDSK symbols traverse over a8-PSK constellation 


“The constellation dagram i a path thatthe symbols have raced in time as we an 
see inthe above diagram of just the symbols of this signal, The path stars with 
Symbol Al, then goes o 1 which Ison path B. From here the next symbol A2is 
ack an Pat A. Each wanston, we se above goes back and forth between Path 
And B, 


Figure 44 /4-QUSK modulated Land Q Channels 


Figure 45 —94-QUSK modulated carrier 


‘What isthe advantage of doing this? On the average, the phase wanstlons are 
somewhat less tan a suaight QPSK and this does wo things, ones thatthe side 
Inbes are smaller so less adjacent cartier interference. Secondly the response 10 
Class C amplifiers is beter. This modulation is used in many mobile system. 


“There is also a mification to this modulation whee a differential encoding i 
ded othe bts prog to modulation. (More about differential encoding in 
Tutorial 2) When differential coding is added, the modulation is referred to as 
A-DQPSK, 


‘We can keep on subdividing the signal space into smaller regions. Daing so one 
‘mare time for 8-PSK so that each signal i now only 225° pan, gives us 15- 
PSK. This will ive 16 signals or symbol, so each symbol ean convey 4 bs. Bit 
Fate snow four times tat of BPSK forthe same symbol rae, The following 
figures show the 16-PSK signal at various stages during modulation. 
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{@) 16-2SK symbol mapping to Land Q channels. (Now the signal has 8 
levels) 
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(©) 16-PSK modulated I and Q Channels 
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(6 16-PSK modulated earvier 
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16 QAM 


“The mosllation equation for QAM isa variation of the one usd for PSK. The 
generalized PSK allows changing both te ampliude and the pghae. In PSK all points 
Hema ezcleso the {and Q values are related to eachother. PSK signals are constant 
fnvelope because of tis All points have te same amplitude. f we allow the armpit 
to change from sysmbo o symbol, hen we get modulation called quadrature amplitude 
‘dulation (QAM). It can be considered a linear combination of two DSB-SC signal. So 
itis a AM and a PM modulation atthe same time 


wine Eat aoy sate 


“This equation canbe use a create a hybrid typeof modulation that varies both the 
amplitude andthe phase. Let’ say that M= 16, su that we have 16 symbols, each 
Fepresenting fou it word. We can lay these out ina cizce but they would be too close 
al theese aes likely tobe hight So how about tis constellatian? 


Figure 47 ~ 16 QAM constellation in the LQ plane 


‘eur out hat tis constellation which has 16 pos ll spread in hex plane, instead 
ff 16 points all onthe crle, performs beter in some stuaons. In QAM, the sig 
Pins ie in rectangle instead of a cicle 


Jn M-QAM, and tis one is for M = 16, we vary not jus the phase ofthe symbol but also 
the amplitude In PSK, all symbols ston a circle so they all had the same amplitude. 
Here the poins closer othe axes have lesser amplindes and hence energy than some 
ters. We can compute the x and y axis values ofeach ofthese points and depending on 
the toa power we want, we can set the vale ofa. For typical constellation, set a= 1. If 
\we call the symbols imeges then they range from 010 15. We show a sequence of 
Tandon integers up 15 in signals below that we will use these to create a 16QAM 
signal 


‘Table 416 QAM Mapping 
Symbol | — Bie Epa Tass T 


is cos f/4) 


‘000 


(Flin the est ofthe table} 


‘The fist integer insti 0. Its coordinate is 3 shown ins. its y coordinate is also 3. The 
second integers 15. ts x-coorinate is-3 and sy enodinate i 

Having created the [and the Q channels this way (isa table lok up function alsa 
called baseband processing), we can pow muliply these sigals with the cosine andthe 
Sine wave carries. Then addr subtract) the two and you have the medulated cartier 
shown ins 


Figure 48 Generation of 16QAM signal 
64am 
‘Those figures belong oa 64 QAM signal. There are 64 symbols, which means the 


Incoming integers ae fram Oto 63, each representing 5 bits. Using a table lookup, we 
‘create the and Q channels, and then the modulated signa fom thereon as before. 
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